Centrosomes organize microtubule (MT) arrays and are comprised of centrioles surrounded by ordered pericentriolar proteins [1] [2] [3] [4] . Centrioles are barrel-shaped structures composed of MTs, and as basal bodies they template the formation of cilia/flagella. Defects in centriole assembly can lead to ciliopathies and genome instability [5] . The assembly of procentrioles requires a set of conserved proteins [6] [7] [8] . It is initiated at the G1-to-S transition by PLK4 and CEP152 [9, 10] , which help recruit SASS6 and STIL to the vicinity of the mother centriole to organize the cartwheel [11] [12] [13] [14] . Subsequently, CPAP promotes centriolar MT assembly and elongation in G2 [15] [16] [17] . While centriole integrity is maintained by CEP135 and POC1 through MT stabilization [18] [19] [20] , centriole elongation requires POC5 and is restricted by CP110 and CEP97 [21, 22] . How strict control of centriole length is achieved remains unclear. Here, we show that CEP120 and SPICE1 are required to localize CEP135 (but not SASS6, STIL, or CPAP) to procentrioles. CEP120 associates with SPICE1 and CPAP, and depletion of any of these proteins results in short procentrioles. Furthermore, CEP120 or CPAP overexpression results in excessive centriole elongation, a process dependent on CEP120, SPICE1, and CPAP. Our findings identify a shared function for these proteins in centriole length control.
Summary
Centrosomes organize microtubule (MT) arrays and are comprised of centrioles surrounded by ordered pericentriolar proteins [1] [2] [3] [4] . Centrioles are barrel-shaped structures composed of MTs, and as basal bodies they template the formation of cilia/flagella. Defects in centriole assembly can lead to ciliopathies and genome instability [5] . The assembly of procentrioles requires a set of conserved proteins [6] [7] [8] . It is initiated at the G1-to-S transition by PLK4 and CEP152 [9, 10] , which help recruit SASS6 and STIL to the vicinity of the mother centriole to organize the cartwheel [11] [12] [13] [14] . Subsequently, CPAP promotes centriolar MT assembly and elongation in G2 [15] [16] [17] . While centriole integrity is maintained by CEP135 and POC1 through MT stabilization [18] [19] [20] , centriole elongation requires POC5 and is restricted by CP110 and CEP97 [21, 22] . How strict control of centriole length is achieved remains unclear. Here, we show that CEP120 and SPICE1 are required to localize CEP135 (but not SASS6, STIL, or CPAP) to procentrioles. CEP120 associates with SPICE1 and CPAP, and depletion of any of these proteins results in short procentrioles. Furthermore, CEP120 or CPAP overexpression results in excessive centriole elongation, a process dependent on CEP120, SPICE1, and CPAP. Our findings identify a shared function for these proteins in centriole length control.
Results
We originally identified CEP120 and SPICE1 as putative interacting proteins [23] . While both are required for centriole duplication [23] [24] [25] , CEP120 also participates in neuronal nuclear migration [26] , and its loss in planarians results in shorter centrioles [27] . Together, these data suggest that the association between SPICE1 and CEP120 might reflect a shared function in centriole biogenesis.
To examine the role of CEP120 and SPICE1 in centriole assembly, we exploited the PLK4-induced centriole overduplication assay [28] . Here, CEP120 and SPICE1 knockdown reduced procentriole formation to levels comparable to the centriole assembly proteins CPAP or CEP135 (Figures S1E and S1F available online). We assessed the consequence of depleting the centriole assembly proteins CPAP and CEP135 alongside CEP120 and SPICE1. We observed that with 48 hr of RNA interference (RNAi) prior to PLK4 induction, a proportion of mother centrioles were not recruiting SASS6 ( Figure S1F ) [29] , suggesting that they may have been defective prior to overduplication. We therefore allowed only 24 hr of RNAi prior to S phase arrest and PLK4 induction for 24 hr, followed by a 16 hr release into G2, which mitigated the loss of SASS6 recruitment ( Figures 1A and 1B) . Importantly, proteins were still efficiently depleted by RNAi ( Figure 1C ), and despite SASS6 recruitment around mother centrioles, procentriole formation was inhibited as judged by lack of CETN2 labeling ( Figures 1A  and 1B) . Strikingly, CEP120, SPICE1, CEP135, or CPAP depletion coincided with the ring-like accumulation of SASS6 around mother centrioles ( Figures 1A and 1D ), in stark contrast to the typical ''rosette'' distributions ( Figure 1A ).
To follow up on this observation, we surveyed hundreds of PLK4-induced centrioles labeled with SASS6, CETN2, and CP110 using three-dimensional structured-illumination microscopy (3D-SIM) ( Figure 1E ). We observed centriole proteins localized as rings around mother centrioles in some cases (Figure 1E , left side), and in other cases as distinct procentrioles of increasing lengths as judged by radial distancing of CP110 from mother centrioles ( Figure 1E , right side). We also observed a ring of PLK4 surrounding mother centrioles (Figure 1F) , whereas CEP120 and SPICE1 localized to the walls of elongated procentrioles ( Figure 1F ), consistent with reported CEP120 immunoelectron microscopy (immuno-EM) results [24] . The morphology of the structures observed implies a sequential recruitment of downstream proteins and, in parallel, radial expansion away from the mother centriole during centriole elongation ( Figure 1E ). In the earliest stages of this progression, the centriolar markers resemble rings. As elongation proceeds, these rings resolve into ''rosettes,'' and eventually into distinct, elongated centrioles. This suggests that when CEP120 or SPICE1 is removed, the localization of procentriole components remains ring like, as centrioles fail to elongate.
Since 3D-SIM permitted us to unambiguously resolve mother centrioles and PLK4-induced procentrioles, we proceeded to map the recruitment and localization dependency of known centriole assembly proteins with respect to CEP120 and SPICE1. First, CEP120 and SPICE1 were mutually required for their localization to procentrioles and were strongly reduced upon CEP152, CPAP, or CEP135 depletion (Figures 2A and S2A ). SASS6 and STIL depletion also caused a reduction in CEP120 and SPICE1 levels in the vicinity of mother centrioles ( Figure S2A ). Second, CEP152 was localized inside the ring of PLK4 (Figure S2B ), consistent with their reported interaction [9] , and this localization was unaffected by CEP120 or SPICE1 depletion ( Figure S2B ). Third, SASS6, CPAP, and STIL were localized to individual procentrioles in control conditions, but as rings partially overlapping the outer edge of the PLK4 ring upon CEP120 or SPICE1 depletion (Figure 2C ). This observation is consistent with a previous report showing that SASS6 acts upstream of CEP120 [24] .
Under control conditions, CEP135 localized to the mother centriole and in a ring that partially overlapped the PLK4 ring ( Figure 2B ). We refer to this region as the procentriole assembly region (PCAR), since this is where the earliest procentrioles were detected as labeled by SASS6 ( Figure 1E ). Qualitatively, we observed that CEP120, SPICE1, or CPAP depletion in the PLK4 assay blocked the localization of CEP135 to the PCAR ( Figure 2B ). We verified this with quantitative image analysis of CEP135 levels within the PCAR in a random population of centrosomes ( Figure S2C and the Supplemental Experimental Procedures) and validated this effect in cycling and S-phasearrested HeLa cells ( Figures S2D-S2F ). We note that when centriole duplication is blocked in CEP120, SPICE1, CPAP, and CEP135 RNAi-treated cells, a marked increase in the PLK4 signal surrounding the mother centriole is observed (Figure 2 and S2 ). This implies a procentriole-dependent feedback regulation of PLK4 levels that will warrant further investigation.
We also examined the recruitment of regulators of centriole elongation. While POC5 localization was largely unaffected by CEP120 or SPICE1 depletion, the capping proteins CP110 and CEP97 did not localize to procentrioles ( Figures S2G-S2K) . Upon CEP97 or CP110 depletion, CEP120 and SPICE1 formed elongated structures that extended beyond CETN2 at the distal end of the centrioles, consistent with their established role in restricting centriole length (Figures S2H-S2K) [22] . When POC1A or POC5 were depleted, CEP120 localized to apparent procentrioles that lacked or had reduced localization of CETN2, whereas SPICE1 only sparsely localized to the procentrioles ( Figure S2D ). Taken together, these results suggest that POC5 recruitment to the PCAR does not require CEP120 and SPICE1 activity or the recruitment of CEP97 and (E) 3D-SIM pseudocolor-merged (top panel) and individual micrographs (bottom panels) of centrosomes after PLK4 overexpression, labeled with antibodies to CETN2 (blue), SASS6 (red), and CP110 (green). Centrosomes were staged from left to right based on the radial spread of the three centriole markers and represent stages of procentriole elongation. CETN2 marks the mother centriole and distal tips of the procentrioles, CP110 marks the distal tips of procentrioles, and SASS6 marks the centriole lumen from the proximal end toward the distal end. CP110. Additionally, the recruitment of CEP120 and SPICE1 to elongated centrioles is independent of CEP97 and CP110 recruitment.
Next, we confirmed the CEP120-SPICE1 interaction by coimmunoprecipitation (coIP). Their association required fulllength CEP120 and both SPICE1 coiled-coil domains ( Figures  S3C and S3D) [23] . To identify centriole assembly proteins that interact with CEP120, we expressed FLAG-tagged CEP120 as a BirA* fusion protein (BirA-R118G mutant, hereafter FLAGBirA*-CEP120) to facilitate biotinylation of nearby proteins and performed affinity purification mass spectrometry (AP-MS) using streptavidin-Sepharose beads [30] . In the BioID approach, biotinylation occurs before lysis, so weak or transient interactions can be detected [30] . Importantly, FLAGBirA*-CEP120 was functional and localized to centrosomes ( Figures S3A, S3B , S1C, and S1D). Among the most prevalent AP-MS hits were CPAP and SPICE1 (Table S1 ). To validate these interactions, we performed coIP with FLAG-CEP120, and we detected interactions with GFP-tagged SPICE1 and GFP-tagged CPAP ( Figure 3A) . Together, these data suggest that CEP120 associates with both SPICE1 and CPAP. Interestingly, we noted that CP110 and CEP97 were also detected in our BioID experiment (Table S1 ) [22] .
To test the possibility that CEP120 and SPICE1 function with CPAP, we looked for overexpression effects in cycling cells [15] [16] [17] . CEP120-GFP or CPAP-GFP, but not SPICE1-GFP, caused abnormal centriole elongation without affecting cellcycle progression ( Figures 3B, 3C , S3E, and S3F). As with CPAP, CEP120-induced centriole elongation was specific to cells in G2 ( Figures S3G and S3H ) [15] [16] [17] . Furthermore, loss of CEP120, SPICE1, or CPAP significantly inhibited centriole elongation after CPAP or CEP120 overexpression in G2-arrested cells (Figures 3D-3I ). This was not due to the loss of centrioles, since SASS6-RNAi had little effect on the frequency of elongated centrioles, and mother centriole elongation was also blocked by CEP120, SPICE1, or CPAP depletion. (Figures  3D-3I ). Similar results were obtained when CEP135 was used as a marker of elongation (data not shown). Thus our data indicate that CEP120, SPICE1, and CPAP cooperate during centriole elongation.
In serial EM sections of centrioles after CEP120, SPICE1, or CPAP depletion in the PLK4 assay, we primarily observed either short procentrioles or electron dense material around mother centrioles ( Figure S4A ). Therefore, we measured procentriole length and width in reconstructed tomograms of control and CEP120-, SPICE1-, and CPAP-depleted cells 3D-SIM pseudocolor-merged (all left panels) and individual grayscale (all others) micrographs of centrosomes depleted of the indicated proteins and induced to overduplicate by PLK4 overexpression, followed by labeling with antibodies to CETN2 (blue), Myc-PLK4 (red), and SPICE1 or CEP120 (green; A), CEP135 (green; B), or SASS6, STIL, or CPAP (green; C). PLK4 micrographs in control conditions are scaled for visibility. All other micrographs are quantitatively scaled so that their relative intensities can be compared. Scale bars represent 1 mm. See also Figure S2. ( Figures 4A-4C ). The average cross-sectional (barrel) width of procentrioles was unchanged ( Figure 4C ), but microtubules were shorter in all three RNAi conditions ( Figure 4B ). We also observed a decrease in acetylated and glutamylated tubulin in the PCAR region in CEP120-and SPICE1-depleted cells ( Figure 4D ). These results are consistent with a role for CEP120, SPICE1, and CPAP in centriole elongation. Next, we used taxol to artificially elongate centrioles in G2-arrested cells [31] . Depletion of CEP120, SPICE1, or CPAP blocked centriole elongation after taxol treatment (Figures S4B and S4C) . Finally, we used colchicine to shorten procentrioles in the PLK4 assay [32] . Similar to CEP120, SPICE1, or CPAP depletion, we observed decreased CEP135, but not SASS6, recruitment ( Figures 4E and 4F ). Under these conditions, CEP120, SPICE1, CPAP, and CP110 still localized to the PCAR but with limited radial extension, consistent with shorter procentrioles (Figure S4D) . Interestingly, PLK4 amounts were increased in the PCAR region of colchicine-treated cells, as seen previously (see Figures 2 and S4D ).
Discussion
Using PLK4-induced centriole overduplication assays and 3D-SIM, we reveal a role for CEP120 and SPICE1 in procentriole All bar graphs show mean 6 SEM of three replicates in which at least 100 cells were examined visually for centrioles longer than w2 mm per replicate (C, E, and H), and for the presence of CEP164 (F and I). Scale bars in (B), (D), and (G) represent 10 mm, with all insets showing 23. See also Figure S3 and Table S1. elongation. We show that CEP120 interacts with SPICE1 and CPAP, providing new insight into how these proteins together contribute to centriole elongation. The Drosophila ortholog of CPAP, SAS-4, provides a scaffold to recruit multiple extralumenal centriolar proteins [33] . Here, we find that CPAP is required for the recruitment of CEP120 and SPICE1 to PLK4-induced procentrioles (see model in Figure 4G ). At later stages of centriole assembly, CEP120 and SPICE1 appear to be more peripheral to CPAP on the procentriole barrel. This is similar to EM data showing that CPAP localization is luminal and distinct from CEP120 [1, 24, 28] . By 3D-SIM, all three proteins similarly occupy the PCAR when procentrioles are artificially shortened by colchicine treatment. Therefore, the interactions we observe may be transient and/or cytoplasmic.
We have shown that CEP120, SPICE1, and CPAP function downstream of SASS6, consistent with previous studies in CEP120-depleted cells [24] . Our localization data also indicate that CEP135 recruitment is reduced after CEP120, SPICE1, or CPAP depletion. This conclusion is supported by work showing that CEP135 and CPAP interact and that loss of CEP135 leads to short centrioles [34] . A corollary is that the Drosophila ortholog of CEP135 (BLD10) is a MT-binding protein that stabilizes basal bodies and that the human CEP135 localizes to the MT barrel of centrioles by immuno-EM [18, 19, 28] . Consistent with this, we also show that chemical inhibition of centriole elongation reduces CEP135 recruitment to procentrioles. Drosophila CEP135 is dispensable for cartwheel formation but is required to maintain robust centriole architecture [35] . It is therefore tempting to speculate that the decrease in the number of centrioles after CEP120 or SPICE1 depletion may be due to the assembly of abnormal/ short procentrioles [23, 25] . This would be consistent with a report demonstrating that CEP135-deficient cells have perturbed centriolar triplet MT organization [34] . Our protein recruitment assays further indicate that CPAP can localize to the PCAR independently of CEP120 and SPICE1 ( Figure  2C ). Although CPAP depletion prevents the recruitment of CEP120, SPICE1, and CEP135 to the PCAR, short procentrioles do form, but with apparently less-robust centriolar MTs. This contrasts with work in C. elegans in which centriolar MTs are completely lost in the absence of the CPAP ortholog SAS-4 [6, 8, 36] . This discrepancy could be explained by a differential requirement in human cells for CPAP in centriolar MT formation or residual CPAP activity. Another possibility is that CPAP is important for the initial formation/anchoring of centriolar microtubules and that CEP120, SPICE1, CEP135, and CPAP are then required for subsequent elongation/ stabilization of procentrioles.
Overexpression of CEP120 or CPAP induces the elongation of centrioles, requiring each other and SPICE1. CPAP can bind a-and b-tubulin dimers through its PN2-3 domain [37] and can regulate the nucleotide status of tubulin [33] . SPICE1 occupies the mitotic spindle, but whether CEP120 or SPICE1 also bind tubulin directly remains unknown [25] . One possibility is that CEP120, CEP135, and CPAP recruit SPICE1 to centrioles, where SPICE1 regulates microtubule stability through an unknown mechanism. Accordingly, CEP120 or SPICE1 depletion leads to a decrease in the levels of modified tubulin in the PCAR region. It will be of interest to assess the tubulinstabilizing activity of CEP120 and SPICE1 and interactions with known MT-stabilizing proteins.
Taken together, our data suggest that CEP120 and SPICE1 act with CPAP to promote the elongation of procentrioles, being similarly required for the recruitment of distal MT capping proteins and CEP135 to procentrioles. The results described here further our understanding of the intricate pathways that cooperate to ensure robust, timely, and measured elongation of centrioles.
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